Introduction
The concept of energy has become crucial as energy sources rapidly decrease and CO 2 emissions into the atmosphere resulting from energy use increase. Considering the winter conditions in Turkey, it should be noted that the major portion of the energy consumed in buildings is used for heating purposes. The energy consumption in buildings can be significantly decreased through the optimum insulation thickness and with the proper insulating materials, as well as through improvements in the windows and joineries, and the use of an efficient heating system. The "TS 825 Standard on Thermal Insulation in Buildings" was put into force to offer a solution to minimizing the energy consumption in Turkey. Thermal insulation increases the initial investment cost of a building. However, this investment cost is paid back in the short term as the energy consumption of the building decreases. The outdoor temperature, heat transfer coefficient, and material cost are the parameters to consider when choosing an insulating material. When the thickness of the insulation increases, the consumption of the heating and cooling energy decreases. An optimum insulation thickness exists for insulation applications, at which the total investment cost is minimized [1] . Although some studies on the optimum insulation thickness of a building's external walls have been undertaken, the number of studies conducted on the optimum insulation thickness of the external walls, which varies according to the direction of the wall, is quite limited in the literature. Sanea and Zedan [2] used a dynamic timedependent model based on an implicit finite-volume method to compute the annual transmission losses through a wall under steady-periodic conditions for the climatic conditions of Riyadh. Daouas [3] calculated the optimum insulation thickness, energy saving, and payback period for a typical wall structure based on both cooling and heating loads. He calculated optimum insulation thickness 10.1 cm, energy saving 71.33% and a payback period 3.29 years. It was noted that the wall orientation has a small effect on the optimum insulation thickness, but a more significant effect on energy saving, which reaches a maximum value of 23.78 Tunus Dinar/m 2 in the case of an eastward facing wall. Özel [4] examined the relationship between insulation and a building's cooling requirement in Antalya, Turkey. Accordingly, the lowest insulation value (3.10 cm) for the cooling season was seen to be in the north facade, whereas the maximum insulation thickness was stated in the east and west facades. As a result, the north facade was designated as the most economical among the others. Taking the speed and direction of the wind into account, Axaopoulos et al. [5] conducted a study to determine the optimum insulation thickness according to the directions and building materials during the heating and cooling seasons. As a result of calculations based on three different building materials and different directions, they observed that the optimum isolation thickness varies between 7.10 and 10.10 cm. Özkan et al. [6] developed software in accordance with the TS 825 standard. The effects of the change in window and external wall areas on the building's heating energy requirement and optimum insulation thickness were examined. Özel and Pıhtılı [7] set the optimum insulation thicknesses for five cities in Turkey, using the heating and cooling degree days figures. Özkan and Onan [1] determined the optimum insulation thickness for two different fuel types and two different insulating materials, based on the P 1 -P 2 economic analysis method for four different degree-day regions in Turkey. Furthermore, they analyzed the relationship between the optimum insulation thickness and CO 2 and SO 2 emissions released into the atmosphere based on the fuel type. Kürekçi et al. [8] calculated the optimum insulation thickness, energy saving, and payback periods for two different fuels and five different insulating materials in 81 cities in Turkey through a life-cost analysis using the heating degree-day figures. Bolattürk [9] used five different fuel types to compute the optimum insulation thickness and payback periods for 16 cities in four climatic zones of Turkey. Bolattürk [10] calculated the optimum insulation thickness on the building's external walls in the first climatic zone of Turkey, based on the annual heating and cooling loads, and determined the payback periods using the P 1 -P 2 method in another study. Gürel and Daşdemir [11] [14] conducted some analyses to determine the optimum insulation thickness to be applied to external walls. They included the effects of solar radiation on the outdoor temperatures in their calculations, and considered the heating and cooling energy requirements together for an optimization of the heat insulation thickness. Onan [15] investigated the existing building stock in Turkey depending on such parameters as the height and area. A model building was created covering all of these buildings. The results showed that the optimum insulation thickness varies between 3.21 and 7.12 cm, the energy saving varies between 9.23 and 43.95 US$/m 2 , and the payback period varies between 1 and 8.8 years depending on the region.
The P 1 -P 2 economic analysis method was used to determine the optimum insulation thickness, depending on the direction, for a building in Istanbul, Turkey within the scope of the present study. The outdoor and indoor temperatures, as well as the interior and exterior surface temperatures of the external wall, were measured from four directions and recorded using a data logger. The building's interior and exterior surface temperature data, which have been measured for the entire year, were used, and a model was created in accordance with the TS 825 standard [16] ; in addition, after the optimum insulation thicknesses were determined based on the directions, the energy saving and payback periods were calculated. The optimum insulation thickness was found to be 6.47, 2.87, 6.92, and 6.98 cm for the north, south, west, and east, respectively..
Measurement and Evaluation
The model building we focused on in our study is located in Istanbul, Turkey. According to the average of many years, the outside temperatures of Istanbul are at a minimum of -6. the north, south, east, and west, respectively. The interior surface, indoor, exterior surface, and outdoor temperatures of an existing building were measured for the entire year from all directions. Thermocouples were installed on the interior and exterior surfaces, and in the indoor and outdoor areas of the building's external wall, to measure the temperatures simultaneously. The temperature values of the measured surfaces were used in the heat loss calculations. The thermocouples used to measure the indoor temperatures were installed to center the story height within the rooms to avoid being affected by any heat sources. The thermocouples used to measure the outdoor temperatures were situated in an outdoor area to avoid having any contact with the windows and external walls at all facades, and to allow exposure to the heat flow through the external walls. The installation of the thermocouples used to measure the temperatures is illustrated in Fig. 2 . Expandable Polystyrene (EPS) is used as an insulation material, a thermoplastic product that is lightweight, strong, and offers excellent thermal insulation, making it ideal for the packaging and construction industries. Four-piece 4-channel data loggers were used for the temperature measurements. Type-K thermocouple probes were used with the data loggers, whose accuracy is ±0,30 °C within the related range of measurements. The coldest day was determined as January 10, and the hottest day as August 18, according to the measurements recorded during the entire year. Figure 3 shows graphically the changes in temperature of the exterior surfaces according to the time from all directions for January 10, which was the coldest day of the year. The figure shows that the temperature of the external walls has the lowest value at 06:30, and the highest value at 14:00 in all directions. shows graphically the changes in temperature of the interior surfaces according to the time from all directions for the same day, January 10, the coldest day of the year. The figure indicates that the interior surface has minimum temperature values at 06:30 in all directions, with the lowest value being for the south facade in particular.
Heat Load for External Walls
In Turkey, the insulation thickness used in buildings is limited by the heating energy requirements in the TS 825 standard [16] . This method is similar to DIN 4108, and the method defined in DIN was adapted to Turkey. The annual heating energy requirements and sub-equations are shown in Tab. 1. The descriptions and formulas are shown in the table, respectively. The assumptions used in Eqs. (1) through (9) are also shown in Tab. 2. Values of the monthly average solar radiation intensity of the solar radiation are taken from the TS 825 standard [16] and shown in Fig. 5 .
The minimum insulation thickness is calculated using Eq. (10) according to TS 825 for all regions.
(10) Eq. (2) r is the monthly average shading factor of the transparent surfaces, considered 0.6 due to the fact that generally buildings are located around uninsulated buildings or there is shading caused by trees in Turkey I values are taken from TS 825 according to direction (k) and month (j).
Values of the monthly average solar radiation intensity used for calculation of the solar radiation coming on the windows are given in Fig. 5 .
Eq.(3)
F w is the correction factor for windows and considered 0.80.
 g is the solar energy permeation factor measured under laboratory conditions for the rays striking the surface vertically and is considered 0.75 for colorless insulation glass [16] .
Eq.(6)
Air changing ratio (n a ) is taken constant "0.80" according to TS 825 which is similar to DIN 4108 for all regions. (Natural ventilation)
Eq. (7) Heat transfer coefficients for ceilings, floors, and windows are shown in Tab. 3.
Eq. (8) R in and R out are the inside and outside air film thermal resistances, respectively, R cw is total thermal resistance of the composite wall materials without the insulation.
Recommended design values for air film thermal resistances on the inner and outer surfaces of a building are R in = 0. 
Economic Analysis
The P 1 -P 2 method, which is an economic analysis method, was used to calculate the optimum insulation thickness. The net energy recovery is calculated using Eq. (11) according to the P 1 -P 2 method.
-(11) The present worth factor P 1 is calculated using Eq. (12), depending on the interest and inflation rates set by the Central Bank of the Republic of Turkey [20] in 2017, during its investment life. (12) Because it was agreed that the maintenance and operating costs are not included in the calculations, the P 2 value is considered to be 1.
The optimum insulation thickness depends on certain parameters, such as the price of the insulating material, the heat transfer coefficient, the efficiency of the heating system, and the type of fuel.
The economic parameters used in the calculations are illustrated in Table 4 . Accordingly, the cost of the insulating material is calculated using Eq. (13).
The annual fuel cost equation for buildings that require heating is (14) where H (kj/Nm³), η b , and C f (TL/Nm³) indicte the lower heating value of natural gas, the efficiency of the heating system, and the unit price of the fuel, respectively.
The optimum insulation thickness is the thickness at which the net energy recovery is at the maximum level. For this reason, the insulation thickness that evanishes the derivative of the energy recovery equation indicates the optimum insulation thickness. Accordingly, the optimum insulation thickness is calculated using Eq. (16) . (16) Here, M indicates the multiplication of the heat transfer coefficient and wall area for a 3cm insulated wall in the current situation. The parameters used in the calculation are shown in Tab. 5. To consider an investment as profitable, the cost should be affordable, and a profit returned in the short term. Considering changes in the inflation and interest rates over time, the payback period was calculated using Eq. (17) for a thermal insulation investment of the building.
(17)
Results and Discussion
As shown in Tab. 6, insulation applied to the present buildings regardless of its direction is an economically profitable investment. For the optimum insulation thickness based on the direction, the maximum energy saving and minimum payback period were observed for the north facade, where the annual saving amount is 89.38 TL/m² with an optimum thermal insulation thickness of 6.47 cm. Because the optimum insulation thickness was calculated to be 2.87 cm for the south facade, where the thickness of the building's existing thermal insulation is 3 cm, according to the measurement and calculation results, the present insulation was deemed to be proper. For this reason, the energy saving and payback period were not calculated for the south facade. The ratio of window area to wall area is higher for the south facade, as compared to the other facades, and for this reason, the heat loss through the wall in this facade is smaller. The optimum heat insulation thickness of the south facade was found to be much lower than that of the other facades. Accordingly, along with the building's orientation, environmental conditions of the area, building location, the unit prices of the fuel, insulating materials, the architectural design are having great importance when determining the optimum insulation thickness. The results found in the literature were compared with those of the present study, as shown in Tab. 7. For the calculation of the heating loads transmitted through the external walls, hourly measurement data were used. The heating energy consumption, which was calculated using the optimum insulation thicknesses determined according to the different directions, decreased by 17% in comparison to a building with 3 cm thick thermal insulation. Figure 6 shows the heating energy requirement of the model building based on the month for the optimum insulation thickness of the external walls both dependentlyand independently of the wall direction. The figure indicates a decrease in the building's heating energy requirement when the thermal insulation thickness is applied according to the direction examined. 
Conclusion
An economic analysis of the thermal insulation cost was conducted using a P 1 -P 2 method, and the payback periods were calculated. Thermal insulation of 3 cm thickness was considered when calculating the optimum insulation thickness and conducting the economic analyses. Accordingly, the calculation results were evaluated using the existing thermal insulation. The energy saving and payback periods were calculated as 89.38 TL/m² and 1.64 years, 74.05 TL/m² and 2.02 years, and 73.91 TL/m² and 2.04 years for the north, west, and east facades, respectively.Considering the wall direction used, the maximum energy saving and shortest payback period were observed for the north facade, where the optimum insulation thickness was 6.47 cm and the annual saving was 89.38 TL/m² for an external wall. As a result of the measurements, 3 cm thick insulation for the south facade, where the existing thermal insulation is 2.87 cm, was considered to be proper, and for this reason, the energy saving and payback period were not determined. For the optimum insulation of equal thickness in all directions, the energy saving is 12%, and for the optimum insulation of different thicknesses based on the difference in direction, the energy saving reaches 17 %.
The majority of heat loss through the south facade of the building results from the windows, whereas only a small portion of the heat is lost through the walls. One of the reasons why the optimum insulation thickness is lower for the south facade than for the other facades is the window-to-wall ratio. It was concluded that the building's orientation, the heat transfer coefficients of the building, the insulating materials, and the architectural design should be taken into account when calculating the optimum insulation thickness. 
